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ABSTRACT
This study investigated the impact of different dietary ingredients, with
different protein/lipid sources, on midgut and faeces bacteria
community structures just before feeding and 3 h after feeding a
single meal to individual rainbow trout (Oncorhynchus mykiss). Fish
were kept in experimental rearing facilities and fed ad libitum twice daily
for 5 weeks. Fish were fed three different commercial diets, which
contained variations of high or low marine fishmeal/fish oil content.
DNA was extracted from midgut and faeces samples for analysis of
their bacterial 16S rRNA gene diversity by targeting the V3-V4 region
with 454 pyrosequencing. A total of 332 unique bacterial operational
taxonomic units (OTUs) were revealed in all samples. However, each
sample was dominated (>80% relative abundance) by 2–14 OTUs,
with the single most dominant OTU having >30% dominance,
indicating that only a few bacteria were fundamental in terms of
relative abundance in each treatment. Fifteen OTUs occurred in all
samples (coremicrobiota). Themajority of theseOTUs belonged to the
Proteobacteria, Firmicutes or Tenericutes, and were associated with
other animal gut environments. The faecal material and the midgut
samples had few overlaps in their shared OTUs. A postprandial
response in the gut bacterial community structure 3 h after feeding
highlights how dietary stimulation induces structural changes in the
microbiota profiles in the established gut bacteria. This study showed
that feeding O. mykiss different diets and even single meals lead to
perturbations in the established gut bacteria of O. mykiss.
KEY WORDS: Oncorhynchus mykiss, Rainbow trout, Gut, Faeces,
Bacteria, Diet
INTRODUCTION
The gastrointestinal tract microbiota (GIT) in humans is nowadays
considered an integral part of their host’s nutritional and immunity
machinery (Findley et al., 2016; Li et al., 2016; Mu et al., 2016). This
concept has been proved essential in triggering similar scientific
research for the GIT in animals. Bacteria are themost important group
of the GIT microbiome and, in animals, consist of indigenous or
resident cells sensu Berg (1996). The communities of the GIT
microbiome remain stable over long periods of time and have a global
occurrence in the gut, also known as the ‘core microbiome’. Other
GIT bacteria are characterised as transient or non-indigenous bacteria,
originatingmostly from the surrounding environment (e.g. Ringø and
Olsen, 1999; Zarkasi et al., 2017), including potentially pathogenic
microorganisms and microbes with opportunistic/accidental
occurrence in the gut. The GIT bacteria can be found either
internally (endobionts) or externally (epibionts) in tissue cells or,
alternatively, can be associated with the gut material. Epi- and
endobionts are most likely to be part of the ‘resident’ microbiota
while gut material associated microorganisms are characterised as
‘transient’. The GIT bacteria assemble in distinct communities,
controlled mostly by the food ingested (David et al., 2014) and
environmental factors. These communities can be disturbed by
bottom-up or top-down perturbations, i.e. mostly inorganic nutrients
or organic substrates and grazing or viral controlled mechanisms,
which are expressed as significant changes in the bacterial
communities’ structures (Lozupone et al., 2012; Mu et al., 2016).
Thus, the comparison of different GIT bacterial communities
undergoing various nutritional changes can provide the framework
for setting the functional role of these microorganisms.
The knowledge of fish GIT microbiomes has progressed
considerably over the past three decades, as we have passed
from the rather restricted culture based approaches (e.g. Cahill,
1990) to the analysis of the structural (Sullam et al., 2012; Ringø
et al., 2016) and also functional (Clements et al., 2014) diversity of
fish GIT microbiomes. Moreover, the interest in fish GIT
microbiomes lies both in natural (e.g. Givens et al., 2015) as
well as commercially reared populations (e.g. Kormas et al.,
2014). For the latter, the main interest focuses on the effect of
different diets on GIT microbiota and the subsequent impacts on
fish growth and health (Ringø et al., 2016). In addition, studies in
salmonids have demonstrated changes in gut microbiota in terms
of bacterial diversity and abundance influenced by different
dietary treatments (Nyman et al., 2017; Lyons et al., 2017; Michl
et al., 2017; Huyben, 2018a,b).
The rainbow trout (Oncorhynchus mykiss) is one of the main
commercially important species in aquaculture. Its GIT microbiome
in healthy individuals, with direct or indirect association to the fish’s
nutrition, has been the focus for almost three decades (Cahill, 1990;
González et al., 1999). However, the majority of these studies used
culture-dependentmethods and, thus, they provide limited insights on
true GIT microbiome diversity. More recently, few studies have
become available after applying culture-independent approaches,
which are far more informative regarding GIT microbiome diversity
(Spanggaard et al., 2000; Pond et al., 2006; Kim et al., 2007;
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Lowrey et al., 2015; Lyons et al., 2017). However, the benefits
offered by next-generation sequencing (NGS) are now enhancing our
knowledge of fish GIT microbial community structure (Ingerslev
et al., 2014; Lowrey et al., 2015; Lyons et al., 2017; Dehler et al.,
2017a,b; Huyben et al., 2018a,b Michl et al., 2017; Nyman et al.,
2017) for humans and other animals. NGS not only allows a thorough
approximation of the diversity of bacterial species, but also a deeper
insight into community structural changes at temporal/spatial scales
after natural/technical perturbations (Widder et al., 2016). Such
microbial community structural changes are informative regarding
the habitat where they are found, because bacteria are very responsive
to environmental changes (Konopka et al., 2015), especially in the
gut, which is a fairly stable environment; dietary supply is the prime
nutritional factor for these microorganisms (Flint et al., 2007; Coyte
et al., 2015).
Post-prandial changes in protein synthesis in aquatic animals
determine a large proportion of specific dynamic action and are
influenced by nutritional factors including feed intake and diet
composition (Houlihan et al., 1993; Carter et al., 2001). However,
very little information is available on postprandial bacterial
communities and the effect of time after feeding on fish gut
bacterial communities.
In this study, we investigated the impact of feeding low and high
marine-based diets on the gut and faeces bacterial community
structures of rainbow trout just before feeding and after a single meal.
The tested diets had marine ingredients of different protein and lipid
compositions. We hypothesised that a 3 h postprandial sampling time
was needed to follow the peak of the protein synthesis rates after a
singlemeal in trout (Carter et al., 2001).We aimed at (a) revealing the
rainbow trout midgut core bacterial communities, i.e. bacteria
occurring in the midgut regardless of the supplied diet, (b)
investigating the stability or adaption of the midgut bacterial
community structure after a single meal with a specific diet and (c)
assessing postprandial bacterial community changes as a test of
nutritionally similar diets with different ingredient compositions. We
observed in-depth bacterial community structures and their inferred
ecophysiological role by using 454 pyrosequencing analysis of the
16S rRNA gene diversity in the epibionts of rainbow trout individual
midgut samples.
RESULTS
Growth performance
At the beginning of the trial, there were no significant differences
among tanks for the initial weight of the fish (45.0±1.11 g, P>0.05).
Fish final weight was 65.7±2.9 g for Diet A, 54±2.9 g for Diet B
and 32.60±1.91 g for Diet D. Food consumption was not measured
but fish collected for midgut microbiota analysis had eaten since
their stomachs and guts were full.
Community structure of the midgut microbiota
The total number of reads per treatment, i.e. the sum of all individual
replicates, ranged between 3,577 and 8,944 sequences (Table 1). A
total of 332 unique bacterial operational taxonomic units (OTUs)
were found in this study in all samples. The number of OTUs per
treatment ranged between 37 for Diet D at 0 h for faeces (D0f) and
155 for Diet A at 0 h for the gut (A0g). However, the number of
dominant OTUs, i.e. cumulative relative abundance of >80% per
treatment, varied between 2 (A0f and D3g) and 14 (D3f). In all
treatments, the single most dominant OTU (Table 1; Table S1) had
relative abundance of 30.0–67.0%.
The issue of individual variability has already been recognised in
human gut microbiome studies (Bashan et al., 2016) and in fish GIT
bacteria (Holben et al., 2002; Hovda et al., 2007; Zarkasi et al.,
2017). Indeed, in this study, the coefficient of variation of the
OTUs’ average abundance in the triplicated samples reached up to
158.5%, with most OTUs having values >80% (data not shown).
Since there were no statistical differences (t-test P>0.01) between
the slopes of the average and total reads’ Rank Abundance Curves,
we used the total reads (pooled) of the replicated samples per
treatment instead of the average for all further analysis (Besemer
et al., 2012).
According to the Hamady and Knight (2009) ‘core microbiome’
definition, in this study core microbiota consisted of OTUs that
fulfilled two prerequisites: (a) to occur in all gut samples, regardless
of the supplied diet and time after feeding (A0g, B0g, D0g, D3g)
and (b) to not be found in the supplied feed. Thus, the core
microbiota in this study consists of 15 OTUs (Figs 1 and 2). From
these OTUs, four were among the most abundant (Fig. 2; Table S2).
A total of 26 OTUs dominated across all treatments (Fig. 2). In
midgut samples, three OTUs dominated (OTU-0001, -0002 and
-0003). These OTUs are distantly related to Mycoplasma sp. (OTU-
0001) and Acetanaeromicrobium sp. (OTU-0002) and are closely
related to Bacillus sp. (OTU-0003) (Table S2). Regarding the faeces
samples, similar dominance was observed for Diets A and D.
OTU-0005 (98% similar to Cetobacterium sp.) dominated in the
faeces ofDiet B. In the pooled diet sample (Fig. 3), a cyanoabacterium-
related (Chroocidiopsis sp.) OTU-0004 dominated, while another
six OTUs (OTU-0006, -0007, -0008, -0009, -0010, -0011) appeared
to have ca. 4–12% dominance; these OTUs never exceeded, if present
at all, ca. 0.1% in all midgut samples or ca. 1.7% in sample D3f
(Fig. 2), and for this reason are not considered important.
The shared number of OTUs between a midgut sample and its
faeces within the corresponding diets, was considered a proxy in this
study for the examination of the effect of different diet compositions
on which bacteria were removed from the gut, i.e. ‘flushed’ (Fig. 4).
The percentage of ‘flushed’ OTUs, i.e. the number of shared OTUs
between the midgut and its faeces/total number of OTUs in the
midgut, for Diets A, B and D at 0 h and D at 3 h after feeding were
28.4%, 16.2%, 14.6% and 38.8%, respectively. The effect of the
different diets was also reflected in the midgut-faeces inconsistency
defined as the ratio of the three most abundant bacterial phyla
between a midgut sample and its respective faeces sample (Fig. 5).
All three ratios, when investigated, i.e. Proteobacteria:Firmicutes,
Proteobacteria:Acidobacteria and Acidobacteria:Firmicutes, showed
a similar change at 0 h, but it was always the opposite at 3 h after
feeding for Diet D.
Table 1. Cumulative bacterial sequence reads and OTUs in the midgut
and faeces ofO.mykiss individuals reared with different diets (A,B,D) at
0 h and 3 h
No. of
reads
No. of
OTUs
Relative abundance
(%) of the most
abundant OTU
No. of
dominant
OTUs*
A–0 h Gut 8,944 155 30.0 8
Faeces 3,577 68 43.9 2
B–0 h Gut 5,383 68 34.7 4
Faeces 5,362 64 46.6 3
D–0 h Gut 5,388 89 49.4 6
Faeces 3,596 40 50.5 3
D–3 h Gut 5,395 49 67.0 2
Faeces 5,379 104 47.7 14
Feed** 5,261 112 34.1 8
*: cumulative relative abundance of >80%.
**: equivalent composite sample (A+B+D).
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Short-term feeding a single meal has impact on gut
microbiota
With Diet D, we investigated the short-term (3 h after feeding)
impact of feeding a single meal. The number of midgut OTUs
decreased from 89 at 0 h (pre-feeding time) to 49 at 3 h after feeding
a single meal (Table 1). Although no statistically significant
differences were observed between the most abundant OTUs at 0 h
and 3 h (t-test P=0.456), structural changes in the microbiota
profiles were observed (Fig. 6). The relevant abundance of OTU-
0003, which was the dominant OTU in the gut in Diet D at 0 h
(D0g) decreased 0.5 times, while the opposite happened for OTU-
0001 (increased 3.7 times). The rest of the eight most abundant
OTUs at 0 h showed little decrease in their relative abundance after
3 h. The rank abundance of another five of the ten most abundant
OTUs showed a slight change, while another three OTUs were not
detected at all 3 h after feeding. The bacterial species richness of the
diet had little overlap with both the 0 h and 3 h gut microbiota
readings (Fig. S1).
Phylogenetic affiliation of the gut microbiota
The putative phylogenetic affiliation and origin of OTUs designated
as ‘core’, ‘core and most abundant’ or ‘most abundant’ is shown in
Table S2. The four OTUs (OTU-0001, -0002, -0019, -0027) which
belonged to the group ‘core and most abundant’ were all related to
fish guts, including the rainbow trout. In addition, they were most
likely related to genera which are associated with the GIT of several
animals (e.g.Mycoplasma, Bacillus andPhotobacterium; Table S2).
Their putative phylogenetic affiliation falls in the Tenericutes,
Firmicutes and one unaffiliated OTU. Eight out of the 11 ‘core’
OTUs were also related to various animal gut habitats. The rest of
this group’s OTUs were related to other animal tissues or associated
with composting processes. The Firmicutes dominated in this group
as well. Finally, 22 OTUs were characterised as ‘most abundant’
but not belonging to the core microbiota. Twelve of these OTUs
were animal gut related, four related to animal tissues or products
and the rest to water, soil or plant material. The dominant phylum
in this group was the γ-Proteobacria and mostly of the order
Pseudomonadales. Other important phyla were the Firmicutes
(Lactobacillales), Bacteroidetes, β-Proteobacteria, Tenericutes and
Fusobacteria, while six OTUs could not be affiliated to known
taxonomic groups.
DISCUSSION
Gut community structure
Changes in the composition of bacterial communities are due to
changes in the supplied substrates and predation. Since the
occurrence of bacterial grazers (mostly nanoflagellates or small
ciliates) in healthy gut environments is considered low, the changes in
community structures are attributed mostly to dietary supply. Protists
are known to be related to the gut environment mainly at their first
developmental stages when used as feed (Overton et al., 2010; Zingel
et al., 2012), although in some cases these protists are not among
primary food sources (de Figueiredo et al., 2012). Thus, in this study,
the observed changes in rainbow trout gut bacterial communities, due
to the supply of three types of diets, can be attributed mostly to the
differences in the composition of these diets. Rainbow trout that were
fed yeast diets had similar bacterial diversity and lower abundance of
Leuconostocaceae and Photobacterium compared with those that
were fed fishmeal (Huyben et al., 2018a,b).
It has been proposed that fish GIT bacterial communities can be
shaped by external abiotic (e.g. salinity and temperature) as well as
biotic factors (e.g. trophic level of the host and its phylogeny) for
allochthonous and autochthonous bacteria (Sullam et al., 2012;
Dehler et al., 2017b; Huyben et al., 2018a,b). Herein, the same
cohort of individuals was used. Thus, the observed differences in
trout GIT bacterial community structures were assumed to be due to
the differences in the diets offered and consumed.
Core microbiota
Several studies have demonstrated the impact of diet on gut
microbiota in rainbow trout, particularly after a supply of plant
ingredients in their diets (Heikkinen et al., 2006; Merrifield et al.,
2009; Desai et al., 2012; Mansfield et al., 2010; Navarrete et al.,
2012), showing that a set of bacteria occur in the animal’s GIT
irrespective of the diet offered, forming its ‘core microbiota’ (Wong
et al., 2013). In our study, we identified 15 such core bacterial
OTUs. This group contained both fundamental and possible
keystone OTUs (sensu Magurran, 2004), i.e. bacteria with high
relative abundance and bacteria which, although they had low
relative abundance, their occurrence was not affected by the diet
offered. Only four of them were among the most abundant,
Fig. 1. Shared bacterial OTUs between the midguts (g) of O. mykiss
individuals reared with three different diets (A, B, D) just before feeding
at the beginning of the experiment (0) and 3 h (3) after feeding with Diet
D (upper graph) along with the shared OTUs between the 24 common
OTUs found in all midgut samples fed all dietary treatments (lower
graph). % indicates the contribution of each compartment to the total
number of OTUs per Venn diagram.
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suggesting that the mere dominance of a bacterial OTU does not
necessarily imply its role as a fundamental organism for the midgut
of the rainbow trout. Despite the fact that the importance of
much less dominant, common, or even rare OTUs in microbial
communities is now considered of major importance for the
succession and functioning of microbial communities (Sogin et al.,
2006; Pedrós-Alió, 2012; Shade et al., 2014), this potential role of
the rare biosphere has not attracted much attention in the GIT
microbial communities of reared species.
The four most abundant core OTUs were related (Table S2) to
major taxa, which include cultured representatives and phylotypes
originating from the GIT of other fish gut including the rainbow trout.
This reinforces the crucial role these microorganisms have for the
ecophysiology of the gut. The Tenericutes (OTU-0001) have been
found to have increased dominance in healthy rainbow trout
(Lyons et al., 2017), while the Firmicutes (OTU-0002, -0019) are
among the most common and metabolically important bacteria in the
GIT of several healthy fish (Givens et al., 2015; Lowrey et al., 2015;
Dehler et al., 2017a; Huyben et al., 2018a). Both the Tenericutes and
the Firmicutes have also been found in the core microbiota of the
Atlantic salmon parr (Dehler et al., 2017a) and the Firmicutes and
Proteobacteria have been characterised as members of the rainbow
trout (Wong et al., 2013) and common carp (Cyprinus carpio L.) (Li
et al., 2013) core microbiota. The rest of the 11 core OTUs, which had
low relative abundance, also belonged to the Firmicutes and the
α-Proteobacteria, while some could not be affiliated to any of the
Fig. 2. The most abundant OTUs in the midgut (g) and faeces (f) of O. mykiss reared with three different diets (A,B,D) just before feeding at the
beginning of the experiment (0) and 3 h (3) after feeding one meal from Diet D. Red indicates a core OTU.
Fig. 3. Most abundant OTUs in reared
O. mykiss fed Diets A, B and D.
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known major taxa. As in the core and most abundant OTUs, all of
these bacteria were related to phylotypes originating from animal
GIT, or other tissues, or composting environments, implying their
role in food processing in the midgut. Rainbow trout require a high
protein diet (Panserat et al., 2013) and are known to have a low rate
of utilisation of dietary carbohydrates when fed with a high
carbohydrate diet, which is associated with decreased growth
(Wilson, 1994; Polakof et al., 2012; Geurden et al., 2014). The
dominant occurrence of Tenericutes and Firmicutes might assist in
the nutritional processes of complex and undigested polysaccharides,
as has been shown in other fish species (Ni et al., 2014), a sea urchin
(Hakim et al., 2016) andmammals (Zhu et al., 2015; Yan et al., 2016)
including humans (Gill et al., 2006).
Recently, it was shown that there is a direct linear relationship
between the 16S rRNA gene copy number and the growth rate of
bacteria (Roller et al., 2016). Firmicutes and Proteobacteria are
known to have the highest 16S rRNA gene copy numbers (Kembel
et al., 2012; Sun et al., 2013; Roller et al., 2016), having on average
6.0 and 5.4 copies, respectively (Sun et al., 2013), based on more
than 200 species per phylum. Based on 147 publically available
Tenericutes genomes (accessed 20 Nov. 2016) from the Microbial
Genome Resources website (https://www.ncbi.nlm.nih.gov/
genome/microbes/), we found that this taxon has on average
4.7±2.29 (median=4) 16S rRNA gene copies, which is comparable
to that of Firmicutes and Proteobacteria. This, according to Roller
et al. (2016), predicts high growth rates of ca. 0.64 and 0.18 for
Firmicutes and Tenericutes respectively, and thus explains their
dominance in the rainbow trouts’ guts that we found in this study.
What metabolic pathways these bacteria are engaged in within the
fish’s midgut remains to be seen.
Fig. 4. Shared OTUs between the midgut (g), faeces (f ) and composite feed of O. mykiss reared with three different diets (A,B,D) just before
feeding at the beginning of the experiment (0) and 3 h (3) after feeding with Diet D. % indicates the contribution of each compartment to the total
number or OTUs per Venn diagram.
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‘Flushed’ OTUs and midgut-faeces inconsistency
It has been assumed that gut mirobiota of healthy hosts undergoes
strong environmental selection (Faust and Raes, 2016) and that
such stability is reflected in the stool microbiota consistency
(Bashan et al., 2016). If the diets used in our study had a
similar effect on the trouts’ midgut microbiota, the gut-faeces
consistency should have been the same. We observed that not only
this did not happen in terms of ‘flushed’ bacterial OTUs (Fig. 4),
but the ratio of the dominant phyla differed between the
midgut and the faeces (Fig. 5). These observations implied that
different diets can alter gut microbiota not only by selecting
the dominant species, but also through variable ‘flushing’ of the
gut’s bacteria.
Effect of short-term feeding a singlemeal on the gut bacteria
It is known that during development and change of feeding mode,
fish gut microbiota undergoes significant alterations (Stephens et al.,
2016). In this study, we investigated if such community shifts occur
even under after a very short (3 h) time after feeding (Fig. 6). It was
shown that such a short time is not sufficient to cause any significant
succession, but it can cause community structural changes. These
initial perturbations in species richness and the relative abundance of
(at least) the dominant ones are the first step for changes, even in the
metabolic diversity of a habitat (e.g. Xia et al., 2014). We observed
that during the 3 h interval, the core Tenericutes-related OTU-0001
changed its relative abundance by ca. 4 times. This is an indication
that this species can outcompete the others, at least with Diet D,
which had the highest ratio of plant protein to oil and high marine
protein to oil (Table S1). A possible explanation is that this OTU
might originate from the phylum’s members found in termite gut,
where the Tenericutes are associated with the decomposition of the
ingested plant material (Boucias et al., 2013; Tarayre et al., 2015).
CONCLUSIONS
The fish gut microbial communities can contribute nutrients and
energy to the host via the fermentation of non-digestible dietary
components and maintain a balance with the fish’s metabolism and
immune system. Changes in diet composition can been seen as a
perturbation factor for the GIT microbial communities of the host
organism, causing shifts in these microbial communities. Such shifts
can lead even to pathogen invasion, i.e. ‘restaurant hypothesis’
(Conway and Cohen, 2015). This study revealed such changes in the
micriobiota community profile of the rainbow trout gut and faeces in
response to diet and time after feeding a single meal. Whether such
changes at the community level reflect different ecophysiological
roles of the GIT bacterial communities remain to be elucidated.
MATERIALS AND METHODS
Experimental procedures and sampling
The experimental procedure was in line with the EU legal framework related
to the welfare and protection of animals used for scientific purposes
(Directive 2010/63/EU) and the guidelines of legislation in the UK that
governs the ethical treatment of animals (Animal Scientific Procedures Act,
1986, UK). Three commercial diets were used, encoded as Diets A, B and D
(Table S1). The diets were formulated with higher marine fishmeal/fish oil
and lower marine fishmeal/fish oil content by a commercial company. The
chemical composition of the diet was analysed for protein content using the
Kjeldahl method and for lipid content using the Soxtherm method (AOAC,
1995). Dry matter was measured after drying at 105°C for 24 h.
A total of 360 juvenile rainbow trout individuals of mixed sex, weighing
approximately 45.0±1.11 g, were randomly distributed to nine 250 l
freshwater tanks with 40 individuals in each tank, corresponding to the
three different dietary treatments (A, B and D). The rearing conditions were
as described in Mente et al. (2017). Briefly, temperature was set at 12°C, at
pH 7.6 under natural photoperiod with 90% oxygen saturation. Fish were
fed the experimental diets ad libitum, by hand, twice daily at 09:00 and
15:00 for 5 weeks. The fish were acclimatised in the tanks for 2 weeks prior
to the beginning of the experimental feeding with the Diets A, B and D. At
the end of the growth experiment, fish were fasted for 24 h. From the total
18 fish that were sampled, using two from each tank, for this study, three
healthy fish from each dietary treatment were removed and euthanised (S1K
method) by anaesthesia (phenoxyethanol) followed by destruction of the
brain. Their gut tissues were immediately removed, their midgut tissue was
dissected out with sterile instruments, which were frozen in liquid nitrogen
and used as the pre-feeding time (t)=0 h group for analysis of the gut
microbiota. The remaining trout in the dietary treatment D were fed
normally with Diet D. Diet D was selected for the short-term feeding a
single meal experiment since it was the diet with the higher plant protein/
lipid and high marine protein/lipid level. A further three fish, one from each
Fig. 5. Midgut-faeces inconsistencies based on the ratio of the number
of OTUs belonging to the three most abundant bacterial phyla found in
O. mykiss reared with three different diets (A,B,D) at the beginning of
the experiment (0) and at 3 h (3) after feeding with Diet D. Dark-coloured
and light-coloured bars indicate gut and faecal samples respectively.
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experimental tank, were randomly selected 3 h after feeding Diet D. They
were euthanised, their gut tissue was removed and the midgut tissue was
rapidly dissected out as described above. To enrich the resident
microorganisms (i.e. occurring on or inside the gut tissue) and not those
associated with the digesta (i.e. transient), gut material was removed by
applying gentle mechanical force using flat forceps. The remaining midgut
tissue was sequentially rinsed three times in sterile particle-free (<0.2 μm)
distilled water (SPFDW) as described in Kormas et al. (2014), then frozen in
liquid nitrogen and kept at −80°C until analysis.
Faeces were also manually collected from different fish at the pre-feeding
(t=0 h) time from all tanks and dietary treatments and 3 h (t=3 h) after
feeding for Diet D. Faeces were rinsed in SPFDW immediately after
collection and kept at −80°C until further analysis. The time between gut or
faeces sampling and storage never exceeded 4 h. Finally, a triplicated
sample of all the three diets, consisting of 1 g from each diet, was also
collected and stored at −80°C until further analysis.
Molecular and sequencing analysis
DNA was extracted from each individual 200 mg sample by using the
PowerMax Soil DNA Isolation kit (MoBio, Carlsbad, CA,USA) according to
manufacturer’s protocol. The 454 FLX titanium tag pyrosequencing platform
(Roche, Brandford, CT, USA) was used, targeting the V3–V4 region
(Martínez-Porchas et al., 2016) of the 16S rRNA gene by using the primer
pair S-DBact-0341-b-S-17 (5′-CCTACGGGNGGCWGCAG-3′) and S-D-
Bact-0785-a-A-21 (5′-GACTACHVGGGTATCTAATCC-3′) (Klindworth
et al., 2012) according to Dowd et al. (2008) at the MRDNA Ltd.
(Shallowater, TX, USA) sequencing facilities. In brief, a one-step 30 cycle
Polymerase Chain Reaction (PCR) was applied using HotStarTaq PlusMaster
Mix Kit (Qiagen) with the same amount of DNA template (ca. 8-10 ng/μl).
PCR conditions included: 94°C for 3 min, then 28 cycles at 94°C for 30 s;
53°C for 40 s and 72°C for 1 min; and a final elongation step at 72°C for
5 min. All resulting data were processed with MOTHUR software (v. 1.36.0)
(Schloss et al., 2009). Quality control of data analysis included flowgrams
denoising by PyroNoise software (Quince et al., 2009), keeping only the
sequences with ≥250 bp with no homopolymers of ≥8 bp. The remaining
sequences were aligned in the SILVA 119 database (Pruesse et al., 2007).
The sequences were binned into OTUs and were clustered based on the
average neighbour algorithm with 97% similarity as the cut-off level (Kunin
et al., 2010; Stackebrandt and Goebel, 1994). The unique OTUs were
taxonomically classified by using the SILVA 119 database (Pruesse et al.,
2007). The batch of sequences from this study can be accessed at the Short
Reads Archive (http://www.ncbi.nlm.nih.gov/sra) with accession number
SAMN04028037.
Differences in the growth performance of the fish (initial and final
weights) were analysed using one-way ANOVA followed by Tukey’s
multiple-range test. Homogeneity was confirmed using Levene’s test.
All statistical analyses were carried out using SPSS Statistics,
version 22 (IBM).
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Glöckner, F. O. (2012). Evaluation of general 16S ribosomal RNA gene PCR
primers for classical and next-generation sequencing-based diversity studies.
Nucleic Acids Res. 41, e1.
Konopka, A., Lindemann, S. and Fredrickson, J. (2015). Dynamics in microbial
communities: unraveling mechanisms to identify principles. ISME J. 9,
1488-1495.
Kormas, K. A., Meziti, A., Mente, E. and Frentzos, A. (2014). Dietary differences
are reflected on the gut prokaryotic community structure of wild and commercially
reared sea bream (Sparus aurata). Microbiol. Open 3, 718-728.
Kunin, V., Engelbrektson, A., Ochman, H. and Hugenholtz, P. (2010). Wrinkles in
the rare biosphere: pyrosequencing errors can lead to artificial inflation of diversity
estimates. Environ. Microbiol. 12, 118-123.
Li, X., Yan, Q., Xie, S., Hu, W., Yu, Y. and Hu, Z. (2013). Gut microbiota contributes
to the growth of fast-growing transgenic common carp (Cyprinus carpio L.). PLoS
ONE 8, e64577.
Li, D., Wang, P., Wang, P., Hu, X. and Chen, F. (2016). The gut microbiota: A
treasure for human health. Biotechnol. Adv. 34, 1210-1224.
Lowrey, L., Woodhams, D. C., Tacchi, L. and Salinas, I. (2015). Topographical
mapping of the rainbow trout (Oncorhynchus mykiss) microbiome reveals a
diverse bacterial community with antifungal properties in the skin. Appl. Environ.
Microbiol. 81, 6915-6925.
Lozupone, C. A., Stombaugh, J. I., Gordon, J. I., Jansson, J. K. and Knight, R.
(2012). Diversity, stability and resilience of the human gut microbiota. Nature 489,
220-230.
Lyons, P. P., Turnbull, J. F., Dawson, K. A. andCrumlish, M. (2017). Phylogenetic
and functional characterization of the distal intestinal microbiome of rainbow trout
Oncorhynchus mykiss from both farm and aquarium settings. J. Appl. Microbiol.
122, 347-363.
Magurran, A. E. (2004). Measuring Biological Diversity. Malden: Blackwell
Publishing.
Mansfield, G. S., Desai, A. R., Nilson, S. A., Van Kessel, A. G., Drew, M. D. and
Hill, J. E. (2010). Characterization of rainbow trout (Oncorhynchus mykiss)
intestinal microbiota and inflammatory marker gene expression in a recirculating
aquaculture system. Aquaculture 307, 95-104.
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